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Development/Plasticity/Repair

Selective Deletion of Astroglial FMRP Dysregulates
Glutamate Transporter GLT1 and Contributes to Fragile X
Syndrome Phenotypes In Vivo
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How the loss of fragile X mental retardation protein (FMRP) in different brain cell types, especially in non-neuron glial cells, induces
fragile X syndrome (FXS) phenotypes has just begun to be understood. In the current study, we generated inducible astrocyte-specific
Fmrl conditional knock-out mice (i-astro-FmrI-cKO) and restoration mice (i-astro-FmrI-cON) to study the in vivo modulation of FXS
synaptic phenotypes by astroglial FMRP. We found that functional expression of glutamate transporter GLT1 is 40% decreased in
i-astro-Fmr1-cKO somatosensory cortical astrocytes in vivo, which can be fully rescued by the selective re-expression of FMRP in
astrocytes in i-astro-FmrI-cON mice. Although the selective loss of astroglial FMRP only modestly increases spine density and length
in cortical pyramidal neurons, selective re-expression of FMRP in astrocytes significantly attenuates abnormal spine morphology in these
neurons of i-astro-Fmr1-cON mice. Moreover, we found that basal protein synthesis levels and immunoreactivity of phosphorylated S6
ribosomal protein (p-s6P) is significantly increased in i-astro-FmrI-cKO mice, while the enhanced cortical protein synthesis observed in
Fmrl KO mice is mitigated in i-astro-FmrI-cON mice. Furthermore, ceftriaxone-mediated upregulation of surface GLT1 expression
restores functional glutamate uptake and attenuates enhanced neuronal excitability in Fmnrl KO mice. In particular, ceftriaxone signifi-
cantly decreases the growth rate of abnormally accelerated body weight and completely corrects spine abnormality in Fmrl KO mice.
Together, these results show that the selective loss of astroglial FMRP contributes to cortical synaptic deficits in FXS, presumably through
dysregulated astroglial glutamate transporter GLT1 and impaired glutamate uptake. These results suggest the involvement of astrocyte-
mediated mechanisms in the pathogenesis of FXS.
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Previous studies to understand how the loss of function of fragile X mental retardation protein (FMRP) causes fragile X syndrome
(EXS) have largely focused on neurons; whether the selective loss of astroglial FMRP in vivo alters astrocyte functions and
contributes to the pathogenesis of FXS remain essentially unknown. This has become a long-standing unanswered question in the
fragile X field, which is also relevant to autism pathogenesis. Our current study generated astrocyte-specific Fmrl conditional
knock-out and restoration mice, and provided compelling evidence that the selective loss of astroglial FMRP contributes to
cortical synaptic deficits in FXS, likely through the dysregulated astroglial glutamate transporter GLT1 expression and impaired
glutamate uptake. These results demonstrate previously undescribed astrocyte-mediated mechanisms in the pathogenesis of FXS.

ignificance Statement

Introduction
Fragile X syndrome (FXS) is caused by the loss of function of the
fragile X mental retardation protein (FMRP), as a result of the
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abnormal expansion of CGG repeats (typically >200 repeats) in
the promoter region of the FMRI gene and its subsequent tran-
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scriptional silencing. Among other functions, FMRP is a suppres-
sor of protein synthesis in postsynaptic neuronal dendrites,
acting through binding to mRNAs and stalling their translation
on polyribosomes (Darnell et al., 2001; Bassell and Warren,
2008). FMRP-regulated mRNA substrates include synaptic pro-
teins such as Arc, PSD95, and MAP1b (Bassell and Warren,
2008), implicating an important role for FMRP-mediated trans-
lational regulation in the development and maintenance of
proper synaptic connectivity and signaling. In addition, recent
studies (Deng et al., 2013) have characterized a translation-
independent function of FMRP in regulating neurotransmitter
release by directly binding to BK channel subunits in presynaptic
neuronal terminals.

Loss of FMRP function in FXS patients has been modeled in
Fmrl knock-out (KO) mice, which recapitulate the majority of
behavioral and synaptic phenotypes of FXS (Bakker CE et al.,
1994; Comery et al., 1997; Kazdoba et al., 2014). Fmrl KO mice
have been extensively used in understanding FXS pathogenesis
and testing of potential therapeutic interventions. However, how
the loss of FMRP induces FXS phenotypes, especially the contri-
bution of the loss of FMRP in different cell types in the CNS, has
just begun to be understood. Selective deletion of FMRP in Pur-
kinje neurons leads to enhanced long-term depression and defi-
cits in eye-blink conditioning (Koekkoek et al., 2005). Complete
deletion of FMRP in a large number (60%) of cortical and hip-
pocampal neurons, however, showed only activated AKT-mam-
malian target of rapamycin (mTOR) pathway signaling without
apparent behavioral and synaptic phenotypes (Amiri etal., 2014).
In addition, selective ablation of FMRP in adult neural stem
cells leads to reduced hippocampal neurogenesis and disrupts
hippocampus-dependent learning (Guo et al., 2011).

FMRP expression has been found in multiple CNS cell types,
including astrocytes (Pacey and Doering, 2007; Higashimori et
al., 2013). Whether and how the loss of in vivo astroglial FMRP
contributes to the pathogenesis of FXS, however, remains essen-
tially unknown. FMRP-deficient astrocytes are capable of
inducing abnormal dendritic morphology of wild-type (WT)
hippocampal neurons in cocultures (Jacobs and Doering, 2010).
Subsequent studies found that Frnrl KO astrocytes secrete exces-
sive neurotrophin-3, which contributes to abnormal neuronal
dendritic development (Yang et al., 2012). We have previously
shown that expression of the major astroglial glutamate trans-
porter glutamate type 1 transporter (GLT1) and glutamate up-
take are significantly reduced in the cortex of Fmrl KO mice
(Higashimori et al., 2013). In the current study, we generated
inducible astrocyte-specific Fmrl conditional KO (i-astro-Fmrl-
cKO) and restoration (i-astro-FmrI-cON) mouse models and
investigated the in vivo modulation of synaptic deficits by astro-
glial FMRP in these mouse models.

Materials and Methods

Animals. The Fmr1 " and Fmr!'oXPneofloxP-neo pice were generated as
previously described (Mientjes et al., 2006). BAC GLAST (glutamate/
aspartate transporter) CreERT transgenic mice (C57 BL6 background;
stock #012586) and Fmrl KO mice (FVB background; stock #003024)
were obtained from The Jackson Laboratory. GLT1*/~ mice were a gift
from Dr. Tanaka Kohichi (Tokyo Medical and Dental University, Tokyo,
Japan). The Fmrl 7t and Fmr]'oxP-neo/loxPneo ice were bred with BAC
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GLAST CreERT transgenic mice to generate inducible astrocyte-specific
cKO and cON mice. We used only male mice from Fmrl KO, i-astro-
Fmr1-cKO, i-astro-Fmrl-cON, and GLT1 "'~ genotypes in all experi-
ments, because the fmrl locus is on the X chromosome, and males are
more severely affected than females among FXS patients and in mouse
models. All mice were maintained on a 12 h light/dark cycle with food
and water available ad libitum. Care and treatment of animals in all
procedures strictly followed the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the Guidelines for the Use of
Animals in Neuroscience Research and the Tufts University institutional
animal care and use committee.

Drug administration. Tamoxifen (4-OHT; Sigma-Aldrich) was resus-
pended at 20 mg/ml in ethanol and diluted in sunflower seed oil at a final
concentration of 2 mg/ml in 10% ethanol. For astrocyte-specific Finrl
cKO and cON mice, a daily intraperitoneal injection of 20 ul of 4-OHT
(50 mg/kg) were administered from postnatal day 4 (P4) to P9 for a total
dose of 0.25 mg. All control mice received the same 4-OHT injections.
For in vitro astrocyte cultures, cells were cultured in serum-free medium
with 1 um 4-OHT for 12 h and then switched to a regular serum comple-
mented culture medium for 12 h (without 4-OHT), beginning on day 1
in vitro (DIV 1). The switch of culture medium was continued for an-
other 3 d (DIV 4), then only regular astroglia culture medium was used
until DIV 10 for collection. For ceftriaxone (Cef) injections, Fmrl KO
mice receive saline (0.9% NaCl) or ceftriaxone (200 mg/kg) from P7 to
P28 through daily intraperitoneal injections. Primary astrocyte cultures.
Cortices of PO—P3 mouse pups were used for astrocyte cultures, as pre-
viously described, without cAMP supplement (Higashimori et al., 2013).
Cells were plated at a density of 1.0 X 10° cells/ml in six-well plates. The
astrocyte medium is composed of DMEM supplemented with 10% fetal
bovine serum (Sigma-Aldrich) and 1% penicillin/streptomycin. Astro-
cytes become 90% confluent at 67 d in culture and were ready for
experimentation.

Adeno-associated virus preparation and intracranial virus injection. The
EF1a-DIO-eYFP adeno-associated virus (AAV) construct (catalog
#27056) was obtained from Addgene. EF1a-DIO-eYFP AAV was pre-
pared from the University of North Carolina vector core. The pups
(P1-P3) were anesthetized by placing them on ice for a few minutes. A
mixture of AAV (2 ul) and dye (0.5 ul) was injected bilaterally in the
cortex by piercing through the skull and skin with a thin glass pipette, as
previously described (Broekman et al., 2006). Animals were placed on a
warming pad following injection for recovery (active movement) before
being returned to the cage.

Preparation of crude synaptosome membrane fractions and glutamate
uptake assay. Glutamate uptake assay was performed with crude synap-
tosome preparation from mouse cortices using 0.32 M sucrose centrifu-
gation method (Robinson etal., 1991). After total protein determination,
1 uCi of L-*H glutamate and 100 uM nonlabeled glutamate were mixed
with Na * uptake buffer (total volume, 275 pl) and then added into 25 .l
of each synaptosome sample in 96-well multiscreen HTS Filter Plates
(Millipore). After 6 min of incubation, uptake was terminated by putting
the samples into an ice bath. Samples were then filtered using the Steriflip
Vacuum Filtration System (Millipore) and washed 6X with ice-cold PBS
while continually filtering the samples. Each filtered 96-well mem-
brane was excised out and transferred for scintillation counting. Gluta-
mate uptake from cultures was determined by adding 2 uCi L-°H
glutamate (PerkinElmer) and 100 um nonlabeled glutamate into culture
wells mixed with Na * uptake buffer (in mm: Tris 5, HEPES 10, NaCl 140,
KClI 2.5, CaCl, 1.2, MgCl, 1.2, K,HPO, 1.2, and glucose 10) in a total
volume of 1 ml. After 6 min of incubation at 37°C, uptake was terminated
by putting the samples into an ice bath. Buffer was removed and reactions
were washed twice with ice-cold HBSS (Life Technologies). An ice-cold
0.1N NaOH (0.5 ml) was used to lyse the cells. Aliquots of samples were
transferred for scintillation counting (100 ul of each in triplicate), and
the total protein amount was determined by Bradford assay (Bio-Rad).
Dihydrokainate (DHK; 500 um) or pL-threo-f-benzyloxyaspartic acid
(TBOA; 500 um) was added into the appropriate wells in glutamate up-
take assay. The number of disintegrations per minute was normalized by
total protein concentration and converted to femtomoles per microgram
per minute.
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Immunoblot and biotinylation. Anti-GLT1 (1:5000, rabbit) and anti-
GLAST (1:500, rabbit) antibodies were generous gifts from J.D. Roth-
stein (John Hopkins University, Baltimore, MD). Glutamate transporter
immunoblots often show monomers (62 kDa), dimers (120 kDa), and
sometimes multimers (250 kDa), as previously described (Furuta et al.,
1997). All monomers, dimers, and multimers (if present) were used for
the quantification of transporter expression levels. Anti-FMRP mono-
clones 2F5 and 7G1 (1:1; Developmental Studies Hybridoma Bank, Uni-
versity of Iowa, Iowa City, IA), anti-B-actin (1:1000; Sigma-Aldrich),
anti-GFAP (1:1000; Dako), and anti-B-III tubulin (1:1000; R&D Sys-
tems) were purchased. Cerebral cortices from mice were homogenized.
The total protein amount was determined by Bradford protein assay. A
total of 10 g of cortical lysate or 50 ug of total cell lysate were loaded on
4-15% gradient SDS-PAGE gels. Separated proteins were transferred
onto a PVDF membrane (Bio-Rad) for 1 h. The membrane was blocked
with 3% BSA in TBST (Tris buffer saline with 0.1% Tween 20) then
incubated with the appropriate primary antibody overnight at 4°C. On
the following day, membrane was exposed to HRP-conjugated goat
anti-rabbit secondary antibody (1:5000) diluted in TBST. Bands were
visualized on CL-XPosureTM film (Thermo Scientific) by ECL Plus
chemiluminescent substrate (Thermo Scientific). Different exposure
times were used for detecting different proteins. For GLT1 surface bioti-
nylation, cortical slices were prepared and transferred to a 12-well culture
tray with 1 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Thermo Scientific) for
30 min at 4°C while being continuously oxygenated. Following three
rinses to remove excess biotin, slices were lysed and lysates were incu-
bated with streptavidin-conjugated magnetic beads (Thermo Scientific)
for overnight at 4°C. In following day, beads were washed three times
with ice-cold salt buffer composed of the following (in mm): 20, Tris-
HCI, pH 8.0, 150, NaCl, 1% Triton X-100 5, EDTA, 10, NaF, 2 Na3Vo4,
and 10 protease inhibitor. Bound substances were subject to SDS-PAGE,
followed by immunoblotting with GLT1 antibodies.

Golgi staining and quantification of dendritic spines. Golgi staining was
performed using the FD Rapid GolgiStain Kit (FD NeuroTechnologies),
following the manufacturer instructions. Briefly, the brains were dis-
sected and immersed in the impregnation solution for 2 weeks in the dark
at room temperature (RT). Brains were then transferred into Solution C
and stored at 4°C for 3 d in the dark. Brain sections (200 wm) were then
prepared using a cryostat, mounted, and dried at RT. Dried sections were
processed following the manufacturer instructions. Images of dendrites
of pyramidal neurons in layer 2/3 of the somatosensory cortex (between
0.46 and 1.82 mm posterior to bregma) were acquired using a 60X ob-
jective with a Nikon A1R Confocal Microscope. Spines from secondary
apical and basal dendrites were quantified from confocal image stacks. A
dendritic region in focus was traced to measure its length using the Im-
ageJ software. The number of spines in that region was then manually
quantified by ImageJ and divided by the region length to obtain spine
density. The spine length was manually traced and measured by Image]
software.

Immunohistochemistry and confocal imaging. Animals were deeply
anesthetized with ketamine (100 mg/kg) plus xylazine (10 mg/kg) in
saline by intraperitoneal injection and perfused intracardially with 4%
paraformaldehyde (PFA) in PBS. The brains were dissected and kept in
4% PFA overnight at 4°C, then cryoprotected by immersion in 30%
sucrose for 48 h. Brains were embedded and frozen in Tissu-Tek OCT
Compound (Sakura). Coronal sections (20 wm) were prepared with a
cryostat (model HM525, Leica) and mounted on glass SuperFrost+
Slides (Fisher Scientific). Slides were rinsed three times in PBS, then
treated with blocking buffer (1% BSA, 5% goat serum, and 0.2% Triton
X-100 in PBS) for 20 min at room temperature. Primary antibodies for
FMRP (1:5; monoclonal antibody 2F5, Developmental Studies Hybrid-
oma Bank), GFAP (1:1000; Calbiochem), NeuN (1:500; Millipore), Ibal
(1:500; Wako), Oligo2 (1:2000; Millipore), or phosphorylated s6 ribo-
somal protein (p-s6P; 1:350; Cell Signaling Technology) were incubated
overnight at 4°C in blocking buffer. After washing slides three times in
PBS, corresponding secondary antibody (1:2000; Jackson ImmunoRe-
search) was added for 90 min at room temperature. The sections were
rinsed three times in PBS before mounting. Double immunostaining of
NeuN and p-s6P was performed sequentially to avoid cross-reactivity of
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antibodies. For fluorescent reporter mouse sections, reporter signals
were not amplified by antibody staining. Low-magnification images were
taken using the Zeiss Axio Imager with ApoTome. Confocal images were
taken using the AIR Confocal Laser-Scanning Microscope (10-12 um
z-stack with 0.5-1 wm step) magnified with 40X (numerical aperture,
0.8) or 60X (numerical aperture, 1.0) objectives (Nikon Instruments).

Metabolic labeling. Brains of juvenile (P25-P30) male mice were dis-
sected into the following ice-cold artificial CSF (aCSF) solution (in mm):
125 NaCl, 3 KCl, 1 MgCl,, 26 NaHCO3, 1.25 NaH,PO,, 10 glucose, 1
CaCl,, and 400 uMm L-ascorbic acid, with osmolarity at 300-305 mOsm,
and equilibrated with 95% O,-5% CO,. Posterior parietal cortex slices
(500 wm) were prepared using a vibrotome (model VT1000, Leica Mi-
crosystems) and transferred into 32.5°C aCSF for 1 h, followed by incu-
bation at room temperature for 2.5-3 h to allow the recovery of protein
synthesis. Slices were transferred to a chamber containing actinomycin D
(ActDj; 25 um) for 30 min at 32.5°C to inhibit transcription. Slices were
then incubated in 10 wCi/ml **S-Met/Cys for another 30 min at 32.5°C
to measure protein synthesis. To verify that our measurements accurately
reflect global protein synthesis, some of slices were coincubated with
cycloheximide (CHX; 60 um) and ActD for 30 min. After labeling, slices
were rapidly frozen in dry ice to stop *°S-Met/Cys incorporation fol-
lowed by homogenization in ice-cold homogenization buffer (10 mm
HEPES, pH 7.4, 2 mm EDTA, 2 mm EGTA, 1% Triton X-100, and pro-
tease inhibitors [P-8340; Sigma-Aldrich], and incubated in 10% trichlo-
roacetic acid for 10 min on ice to precipitate radiolabeled proteins.
Samples were then spun at 21,000 X g for 10 min, and the pellet was
washed with ice-cold double-distilled H,O and resuspended in IN
NaOH until dissolved. After adjustment to a neutral pH with HCI, trip-
licate aliquots of each sample were added to a scintillation cocktail
(HiSafe II, PerkinElmer) and read with a scintillation counter. Averaged
triplicate counts per minute were divided by total protein concentrations
to calculate the counts per minute per micrograms of protein. The values
obtained each day were normalized to the **S-Met/Cys aCSF used for
incubation and to determine the average incorporation of all slices ana-
lyzed in that experiment to control for daily variation in incorporation
rate.

Brain slice preparation. Cortical brain slices were prepared from juve-
nile (P28—-P40) male mice. Animals were anesthetized with a ketamine/
xylazine cocktail (110/10 mg/kg). The cortex was quickly removed and
300 wm cortical slices were cut using a vibrotome (model VT1200, Leica
Microsystems) in ice-cold aCSF with osmolarity at 300—-305 mOsm, and
equilibrated with 95% O,-5% CO,. Slices were incubated at RT until
needed.

Electrophysiology. Whole-cell patch-current recordings from pyrami-
dal neurons in layer 5 somatosensory cortex were obtained by a Multi-
clamp 700B Amplifier filtered at 2 kHz and sampled at 10 kHz with a
Digidata 1322A Digitizer (Molecular Devices). Patch pipettes made from
thin-walled borosilicate glass (outer diameter, 1.5 mm; internal diame-
ter, 1.1 mm; catalog #BF150-110-7.5, Sutter Instrument) were pulled
using a model P-97 Micropipette Puller (Sutter Instrument). Pipettes
had resistances of 4—6 m{). pClamp version 9.2 (Molecular Devices) was
used for data acquisition and storage. For whole-cell recording, the in-
ternal solution consisted of the following (in mm): K gluconate 130,
HEPES 10, EGTA 0.2, KCL 10, Mg,Cl 0.9, Mg,ATP 4, Na,GTP 0.3, and
phosphocreatine 20, pH adjusted to 7.2 with KOH, and 290 mOsm. For
the tight seal cell-attached patch recording, patch pipettes were filled with
aCSF solution. Slices were continuously perfused with aCSF in a flow rate
of 1-2 ml/min bubbled with 95% O, and 5% CO,. Layer 5 pyramidal
neurons were identified using a bright-field Nikon Eclipse e600FN Mi-
croscope with a 40X water-immersion lens (numerical aperture, 0.8) and
infrared illumination. Baseline firing rates in different groups were ad-
justed to 1-1.5 Hz to compare the effect of DHK application on firing
rate. Neuronal firing was continuously recorded for ~15 min. Recorded
tight seal cell-attached layer 5 pyramidal neurons were located in the
barrel hollows of the somatosensory cortex. For whole-cell recording,
input resistance and capacitance were measured in a voltage clamp with
a500 ms, 5 mV step pulse from a —65 mV holding potential. Cell capac-
itance was calculated by first obtaining the decay time constant of the
transient current by the 5 mV step pulse, then dividing this number by
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the series resistance. The threshold current was determined by a mini-
mum 500 ms current step (20 pA step) required to evoke an action
potential (AP) from resting membrane potential (RMP).

Data analysis. Electrophysiological recordings were analyzed using
pClamp version 9.2 and Clampfit version 9.2 (Molecular Devices). All
the resulting raw data were graphed and plotted in the GraphPad 5 pro-
gram. Outliers were determined by the interquartile range outlier test
in the Prism program for metabolic labeling experiments of Fmnrl KO
and astrocyte-specific Fmrl ¢cKO cortical slices. One experiment (1-2
slices) was excluded from each group. All values are presented as the
mean = SEM, with # indicating the number of replicates. The corre-
sponding statistical analysis is described in the legend of each figure.
The sample size was determined by the power test for the appropriate
statistical test used.

Results

Generation of inducible astrocyte-specific Fmr1 cKO and
cON mice

Our and other previous studies (Pacey and Doering, 2007; Hi-
gashimori et al., 2013) have found that FMRP is expressed in
astrocytes during development by FMRP immunostaining. To
further characterize astroglial expression of FMRP at different
developmental stages, we acutely isolated astrocytes from cortices
of BAC ALDHI1L1 eGFP mice in which astrocytes are selectively
labeled with the eGFP reporter (Cahoy et al., 2008; Yang et al.,
2011), by using fluorescence-activated cell sorting (FACS), as
demonstrated in our previous studies (Yang et al., 2010, 2011).
The expression of FMRP was clearly detected from lysates of
acutely isolated cortical astrocytes (1-1.6 X 10° astrocytes, two
mice per sample) by immunoblot at all tested time points (P30;
Fig. 1A; P14 and P90 data not shown). The relative purity of
astrocytes from the FACS was confirmed by the lack of BIII-
tubulin expression in astrocytes sorted by FACS (Fig. 1A). To
specifically investigate how astroglial FMRP may modulate neu-
ronal deficits in FXS in vivo, we generated inducible astrocyte-
specific Fmrl cKO (deletion) and cON (restoration) mice by
breeding Fmrl 7 (and Fmr1"™") or Fmyr]'oxP-neofloxP-neo yith BAC
GLAST CreERT transgenic mice (Fig. 1B,C). The Fmrl” mice
show no difference in phenotype compared with WT mice, while
Emr1'P Y mice express very low levels (8~10%) of EMRP
and show phenotypes that are highly similar to those of Finrl KO
(Fmrl~") mice (Mientjes et al., 2006). FMRP levels can be re-
stored in a Cre-dependent manner following deletion of the
inserted neo gene from the finrl allele in Fmrl'>F ™" mice.
Although the glutamate transporter GLAST genomic promoter is
also active in radial glia during early development (Regan et al.,
2007), because we administered 4-OHT from P4 to P9, during
which time radial glia in cortex all differentiated into astrocytes
(Ge et al., 2012), we expected no GLAST-Cre-induced recombi-
nation in other CNS cell types in the cortex. To test the specifi-
city and efficiency of GLAST CreERT-induced recombination in
the cortex, we first bred BAC GLAST CreERT mice with Cre-
dependent Ail4 mice that express the floxed tdTomato (tdT)
reporter (Madisen et al., 2010) and performed immunostaining
with CNS cell type-specific markers NeuN, Olig2, Ibal, and
GFAP. Indeed, the tdT reporter was selectively induced in astro-
cytes that are GFAP *, but had essentially no overlap with other
CNS cell-type markers except 1-2% Oligo2 immunoreactivity in
the cortex (Fig. 1D). The GLAST genomic promoter is widely and
selectively expressed in cortical astrocytes and is mostly active
during postnatal development (Regan et al., 2007), thus is more
efficient in inducing astrocyte-specific recombination, when
4-OHT is administered early postnatally, than conventional
GFAP-CreER transgenic mice. We typically observed a large
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number of tdT " astrocytes in the cortex of GLAST CreERT X
Ail4 " mice (Fig. 1E). Subsequent calculations of tdT ™ astrocytes
among total astrocytes (by subtracting other CNS cells from total
DAPI " cells) show >80% recombination efficiency.

We first examined FMRP expression levels in cultured
astrocytes prepared from control (CreERT~ Fmrl™) and
astrocyte-specific cKO (CreERT* Fmrl™) pups following
4-OHT treatment in culture medium. As shown in Figure 1F,
FMRP levels were reduced >80% in cultured cKO astrocytes,
confirming its effective deletion in these astrocytes. Additionally,
we bred BAC ALDHIL1 eGFP reporter mice with astrocyte-
specific cKO mice to label astrocytes and then acutely sorted
cortical astrocytes from these mice. We found that the expression
of FMRP in acutely isolated cortical astrocytes of astrocyte-
specific cKO mice is also significantly reduced (P30; Fig. 1G;
quantification not shown), confirming that FMRP levels are in-
deed reduced in cortical astrocytes of astrocyte-specific cKO mice
in vivo. Meanwhile, the deletion of the neo gene from the
Emy]'oxPmeclloxPmnee qjele by GLAST-Cre recombinase signifi-
cantly increases FMRP levels from 5% of WT to 30% of WT from
the total cortical lysates in astrocyte Fmrl cON (CreERT*
fmr1 Py mice (P40; Fig. 1 H,I). As we previously showed
that astroglial FMRP mRNA is 15-20% of that in neurons using
the translation ribosome affinity purification approach (Heiman
et al., 2008), it is conceivable that the increased 25% of FMRP
levels is a result of the selective re-expression of FMRP in cortical
astrocytes.

To visualize specific Cre-dependent changes in FMRP expres-
sion of cortical astrocytes of astrocyte-specific cKO and cON
mice in situ, we intracranially injected EF1a-DIO-eYFP AAV
(Addgene) into astrocyte-specific cKO (CreERT © Fmrl ) or
cON (CreERT * Fmyr]1oxP-meoly) pups (P0O-P2). The eYFP open
reading frame (ORF) is inverted and double floxed on the EFla-
DIO-eYFP construct, and the eYFP expression can only be in-
duced following Cre-dependent deletion of the loxP site and ORF
inversion. Thus, the eYFP induction faithfully indicates the pos-
itive Cre-dependent deletion or restoration of FMRP in eYFP *
astrocytes, respectively. We also injected AAV-gfap-eGFP into
control (CreERT ~ Fmr1™ or CreERT ~ Fmrl ') pups to
label astrocytes, which facilitates the identification of FMRP im-
munostaining signals in astrocytes. We then performed FMRP
immunostaining and found clear FMRP immunoreactivity in
cortical astrocytes (Fig. 1Ja, white arrows) of control mice (P26);
however, essentially no FMRP immunoreactivity was found in
cortical astrocytes of astrocyte-specific cKO mice (Fig. 1Jb). Con-
versely, we found clear FMRP immunoreactivity in cortical astro-
cytes of astrocyte-specific cON mice (P40; Fig. 1Kb, white
arrows) but minimal FMRP immunoreactivity in cortical astro-
cytes of control (CreERT ~ Fmr1'P¢°"Y) mice (Fig. 1Ka). In
addition, we found that the FMRP immunoreactivity in cortical
neurons was unaltered in astrocyte-specific cKO mice and was
not induced in astrocyte-specific cON mice (data not shown).
The expression of Cre or the insertion of loxP alone has no effect
on FMRP expression (data not shown), thus CreERT * Fmrl ™"
genotype mice were also used as controls in some of the following
experiments. Together, these results demonstrate that FMRP is
selectively deleted or re-expressed in cortical astrocytes in
astrocyte-specific cKO or cON mice, respectively. These newly
generated FXS mouse models are therefore valuable tools for
specifically investigating in vivo roles of astroglial FMRP in
altering astrocyte functions and modulating neuronal deficits
in FXS.
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Figure 1.  Generation of inducible astrocyte-specific Fmr1 conditional KO (i-astro-Fmr7-cKO)

and restoration (i-astro-Fmr1-cON) mice. A, A representative immunoblot of FMRP from acutely

isolated (through FACS) cortical astrocytes (P30). B, C, Breeding diagrams for generating i-astro-Fmr1-cKO (B) and i-astro-Fmr1-cON (C) mice. D, Representative immunostaining images of CNS cell
type-specific makers on CreERT * Ai14 mice. Scale bar, 25 m. E, Representative tdT reporter expression in cortical astrocytes of GLAST CreERT * Ai14 mice. Scale bar, 2 mm. F, A representative
immunoblot of FMRP expression from cultured astrocytes derived from control and astrocyte-specific cKO mice following 4-OHT treatment; n = 4 mice/group. G, A representative immunoblot of
FMRP from acutely isolated (through FACS) cortical astrocytes of eGFP ™ Cre™ "~ Fmr1™ and eGFP ™ CreERT * Fmr1™ mice following 4-OHT administration; n = 3 mice/group. H, I, A
representative immunoblot (H) and quantification (/) of FMRP from cortical tissues of astrocyte-specific CON and control mice following 4-OHT administration. The gray arrow indicates the correct
FMRP immunoreactivity band; n = 7 mice/group. J, K, Imnmunostaining of FMRP in cortical sections from astrocyte-specific cKO (/) or cON (K) mice following 4-OHT administration. White arrows

indicate the FMRP immunoreactivity in eGFP * or eYFP ™ astrocytes. Scale bar, 100 m.

Selective loss of astroglial FMRP dysregulates glutamate
transporter GLT1, impairs extracellular glutamate uptake,
and enhances neuronal excitability in the cortex of
astrocyte-specific cKO mice

We previously demonstrated that GLT1 (but not GLAST or
EAACI) expression levels and functional glutamate uptake are
significantly reduced (40-50%) in the cortex of Fmrl KO mice
(at least until the age of P120; Higashimori et al., 2013). To de-
termine whether GLT1 dysregulation results from the selective

loss of astroglial FMRP in vivo, we here examined GLT1 expres-
sion and glutamate uptake in the cortex of astrocyte-specific cKO
mice. Our GLT1 immunoblot results showed that GLT1 protein
levels were decreased by 40% (Fig. 2A,B; p = 0.001). The total
and GLT1-mediated glutamate uptake were also decreased by
>50% (p < 0.0006 and p < 0.002, respectively) in the cortex of
astrocyte-specific cKO (CreERT * Fmrl1 ™) mice when compared
with those of control (CreERT ~ Fmr1™ or CreERT " Fmrl ™)
cortices at P40 (Fig. 2C,D). However, the expression of another
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astroglial glutamate transporter GLAST was not altered in
astrocyte-specific cKO mice when compared with control mice
(Fig. 2E,F). The GLT1 reduction in astrocyte-specific cKO mice
is highly similar to our previously observed GLT1 reduction
(45%) in full Fmrl KO mice (Higashimori et al., 2013). Interest-

ingly, reduced GLT1 protein expression and impaired total/
GLT1-specific glutamate uptake was also observed in control
(CreERT ~ Fmrl'*2¢°/¥) mice in which EMRP levels are ~5%
of WT levels (Fig. 2G—J), further demonstrating that GLT1 func-
tions are dysregulated in response to reduced FMRP levels. The
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RMP (mV) Input resistance (m(2) (apacitance (pF) AP threshold (mV) AP spike height (mV)
Fmr1 * —66.38 + 2 136.5 = 20.1 72+68 —34+16 80.1 6.2
Fmr1 =" —64.68 = 2.1 1392 = 19.1 70.5 + 45 —342+19 746 * 6.7
CreERT ~ Fmr1™ —66 *+ 1.6 1357+ 12 70.5 £ 35 —344+17 814+ 82
CreERT * Fmr1 ™ —66+18 141.1 + 32 68.7 =43 —339+17 76.6 = 7.1
CreERT ~ Fmy7'oxP-Neoly —649 =17 151.9 + 15.6 66.4 = 6.8 —353+17 76 6.7
CreERT * Fmpy'oxP-Neoly —655+14 136.6 = 10.2* 69.9 + 2.8 —338 £ 17* 79 + 84

Values are reported as the mean == SEM.
*p < 0.05 when compared with CreERT ~ Fimr7 'x"Neo’¥: n = 1214 cells/group.

selective re-expression of FMRP in astrocytes in astrocyte-
specific CON (CreERT ™ Fmr1'®*F¢°’¥) mice, however, fully
restores the reduced GLT1 protein expression and total/GLT1-
specific glutamate uptake observed in control (CreERT ™
Fmr1'OPNeeyy mice to WT levels (Fig. 2G-J), confirming the
specific effects of the loss of astroglial FMRP on functional GLT1
reduction. Expression of Cre or insertion of loxP alone has no
effect on GLT1 expression (data not shown). These results indi-
cate that astroglial FMRP significantly regulates functional GLT1
expression in vivo, and that the absence of astroglial FMRP alone
plays a primary and direct role in the functional reduction of
GLT1 observed in Fmrl KO mice.

The expression of human excitatory amino acid transporter 2
(EAAT2), the analog of rodent GLT1, in postmortem FXS brain
tissues remains unexplored. We thus examined EAAT?2 expres-
sion levels in human FXS and age-matched control cortical tis-
sues (obtained from the National Institute of Child Health and
Human Development Brain and Tissue Bank for Developmental
Disorders) and found a clear trend of reduced EAAT2 protein
levels in FXS samples when compared with age-matched controls
(Fig. 2K), though they were not statistically significant (Fig. 2L;
p = 0.08), likely due to the wide age range of individuals and the
limited number of samples. These results suggest that EAAT2
expression is also dysregulated, at least in a subset of human FXS
patients.

To determine whether reduced (40%) GLT1 expression and
impaired glutamate uptake affects neuronal excitability, we per-
formed whole-cell recording and cell-attached voltage-clamp re-
cordings on layer 5 somatosensory pyramidal neurons on cortical
slices of astrocyte-specific cKO mice (P28-P40). We first mea-
sured basic membrane properties of these neurons. The RMP
(control, —66 * 1.6 mV; cKO, —66 * 1.8 mV) and input resis-
tance (control, 135.7 = 12 m{); cKO, 141.1 * 32 m{)) were not
significantly different between control and astrocyte-specific
cKO mice. Neither were there any significant differences in ca-
pacitance, AP threshold, and AP spike height (Table 1). Similarly,
no significant differences in these basic electrophysiological pa-
rameters of layer 5 pyramidal neurons were found between Fmrl
KO and WT mice (Table 1), which is consistent with previous
reports (Meredith et al., 2007). We next applied 10-50 um DHK,
a selective GLT1 antagonist, to gradually block GLT1 activity and
then measured neuronal firing rate. DHK in the 10-50 uM range
only partially blocks GLT1 activity, thus slightly elevating extra-
cellular glutamate levels and potentiating neuronal activation.
This measurement helps differentiate neuronal responses to a
slightly elevated extracellular glutamate environment between
control and astrocyte-specific cKO mice. Bath application of 10
uM DHK in astrocyte-specific cKO cortical slices resulted in a
45% (p < 0.001) increase (Fig. 3A,B) in firing rate compared
with that in 10 uMm DHK-treated control slices, suggesting that
pyramidal neurons in astrocyte-specific cKO slices are more sen-

sitive to slightly elevated extracellular glutamate levels (induced
by the 10 um DHK application). The application of 50 um DHK,
however, similarly increases the firing rate of pyramidal neurons
in both control and astrocyte-specific cKO slices (Fig. 3B), indi-
cating a similarly significant blockade of GLT1 in both control
and astrocyte-specific cKO slices. These results suggest that cor-
tical pyramidal neurons from astrocyte-specific cKO mice could
be more sensitive to slight changes in the extracellular glutamate
environment, such as impulse-triggered presynaptic release of
glutamate.

The functions of FMRP in astrocytes have just begun to be
understood, it is therefore likely that the selective loss of as-
troglial FMRP may affect targets/pathways other than GLT1 to
enhance neuronal excitability. We then examined cortical
neuronal excitability of layer 5 somatosensory pyramidal neu-
rons in GLT1 ™/~ mice in which GLT1 expression is reduced
by 50% and is comparable to the reduced GLT1 expression
observed in Fmrl KO and astrocyte-specific cKO mice (Fig.
2A). Although the complete deletion of GLT1 results in a 90—
100% increase in extracellular glutamate and severe excitotox-
icity in GLT1 KO mice (Tanaka, 1997), extracellular glutamate
levels only increase 20~30% in GLT1 '~ mice without induc-
ing excitotoxicity (Takasaki et al., 2008). Interestingly, we
found a 30% increased (p < 0.001) neuronal firing rate fol-
lowing 10 um DHK bath application (Fig. 3C,D) in GLT1*/~
cortical slices compared with that of 10 um DHK-treated
GLT1"'" (WT) slices. The application of 50 um DHK also
similarly increases neuronal firing rates in GLT1 ™~ and
GLT1 ™" cortical slices (Fig. 3D). These results suggest that a
50% reduction of GLT1 alone is indeed sufficient to increase
neuronal sensitivity in response to a low dose of DHK treat-
ment, supporting our notion that cortical pyramidal neurons
from astrocyte-specific cKO mice could be more sensitive to
an elevation of the extracellular glutamate environment, as a
result of GLT1 dysregulation. The slightly lower increase
(30%) in neuronal firing rate in response to 10 uM DHK treat-
ment in GLT1"'~ mice compared with that (45%) in
astrocyte-specific cKO mice, also implicates the involvement
of additional mechanisms in enhancing neuronal excitability
in astrocyte-specific cKO mice.

To test whether the enhanced neuronal excitability can be
rescued by the selective re-expression of FMRP in astrocytes,
we next measured the firing rate of layer 5 pyramidal neurons
following the application of 10 um DHK in astrocyte-specific
cON (CreERT " Fmr1'oP™") and control (Cre"™?"~
Fmr1'9P e cortical slices. We first found an increased fir-
ing rate of cortical pyramidal neurons in control slices (Fig.
3E), which is consistent with reduced functional GLT1 expres-
sion in these mice (Fig. 2G—J) and is similar to our previous
observation in Fmrl KO mice (Higashimori et al., 2013). In
contrast, selective re-expression of FMRP in astrocytes signif-
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Figure 3.  Dysregulated functional GLT1 expression enhances pyramidal neuronal excitability in cortex of astrocyte-specific cKO mice. A, A representative trace of neuronal firing

recordings in layer 5 somatosensory neocortical neurons in astrocyte-specific cO (CreERT * Fmr1™) and control (Cre 5"~ Fmr1™) cortical slices before and during bath application of
GLT1 inhibitor DHK (10 um). B, Quantitative summary of the neuronal firing rate in Cre *8"— Fmr1™ and CreERT * Fmr1™ slices with 10 or 50 um DHK; n = 14 -28 neurons from 7-10
mice per group. C, A representative trace of neuronal firing recordings in layer 5 somatosensory neocortical neurons in GLT1 */* and GLT1 /™ cortical slices before and during the bath
application of GLT1 inhibitor DHK (10 wm). D, Quantitative summary of neuronal firing rate in GLT1 */* and GLT1 ™/~ slices with 10 or 50 M DHK; n = 16 —21 neurons from 10 mice
per group. E, A representative trace of neuronal firing recordings in layer 5 somatosensory neocortical neurons in Cre 57~ Fimr719®1€%/¥ and CreERT ™ Fmr1 ' "¢/ cortical slices before
and during the bath application of GLT1 inhibitor DHK (10 juu). F, Quantitative summary of the neuronal firing rate in Cre 51~ Fmyr7'®-¢%/Y and CreERT * Fmr7'9-1¢%% glices with 10
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scale. The p values were calculated using one-way ANOVA with post hoc Tukey's test.

icantly mitigates the 10 um DHK-induced increased firingrate ~ found in Fmrl KO mice (Table 1). Although slightly decreased

of cortical pyramidal neurons in astrocyte-specific cON slices
(Fig. 3E, F). Selective re-expression of FMRP in astrocytes also
slightly but significantly decreases input resistance (Cre™*" ™
Fmr1'®Fme 1519 + 15.6 m{); CreERT " Fmr1'o* ™,
136.6 = 10.2 m{); p = 0.013) and AP threshold (Cre®®""
Fmr1'XPmeoly 353 + —1.7 mV; CreERT © Fmyr]0XPneory,
—33.8 =+ —1.7 mV; p = 0.047), but not the RMP, capaci-
tance, or AP spike height (Table 1). The control (CreERT~
FEmr1'PeY 504 of WT FMRP levels) mice generally have
very comparable basic electrophysiological parameters, as

*

input resistance and AP threshold facilitates neuronal excit-
ability in astrocyte-specific cCON (CreERT ™ Fmr]'oXFneoly)
mice, we still observed a reduced neuronal firing rate in
astrocyte-specific cON cortical slices following 10 um DHK
application, suggesting that astroglial FMRP re-expression-
induced restoration of GLT1 expression and function is more
dominant in attenuating neuronal excitability. Overall, these
results demonstrate that astroglial FMRP significantly regu-
lates the functional expression of GLT1 in vivo. The dysregu-
lation of GLT1 and the impairment of extracellular glutamate
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uptake, as a result of the selective loss of astroglial FMRP,
could enhance neuronal excitability, especially in response to
synaptically released glutamate in FXS models.

Astroglial FMRP modestly modulates synaptic structure and
significantly regulates basal protein synthesis levels in
cortical pyramidal neurons in vivo

Increased spine density with elongated immature spine morphol-
ogy on pyramidal neurons has been consistently found in layers
2/3 and 5 of the somatosensory cortex in both young (<6 weeks
age) and adult (812 weeks age) Fmrl KO mice (Nimchinsky et
al., 2001; Galvez and Greenough, 2005), as well as in human FXS
brain samples (Rudelli et al., 1985; Hinton et al., 1991; Irwin et al.,

2000). Recent in vivo two-photon live imaging studies further
revealed a delay in developmental turnover and reduced dynam-
ics to sensory stimuli in dendritic spines of cortical pyramidal
neurons of Fmrl KO mice (Cruz-Martin et al., 2010; Pan et al.,
2010), underlying their immature spine morphology and in-
creased spine density. To investigate whether the selective loss of
astroglial FMRP contributes to immature spine morphology, we
determined spine density and length of layer 2/3 cortical pyrami-
dal neurons in astrocyte-specific cKO and control mice (P40—
P43) using a rapid Golgi staining procedure (Das et al., 2013).
Representative spine morphology illustrated by Golgi staining is
shown in Figure 4A. Subsequent quantification of spines from
secondary apical and basal dendrites from confocal image stacks
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CreERT* Fmr1'®° cortical neurons; n = 14 dendrites/group from three mice. D, E, Cumulative probability curve of apical (D) and basal (E) spine length from Cre X~ Fmy7 'oxP-nec’y
and CreERT ™ Fimr1 'Y cortical neurons; n = 56 — 69 spines from three mice per group. Both the trend line and individual sample points were shown on a cumulative probability curve. F, G,
Length distribution of apical (F) and basal (G) spines of cortical pyramidal neurons from Cre ®8~ Fmr7'®-"¢®¥ and CreRT * Fmr1'™®"°¥ mice; n = 56— 69 spines/group. The p values were

determined using the Student’s ¢ test and two-way ANOVA with post hoc Bonferroni's test.

shows that both apical and basal spine densities in astrocyte-
specific cKO mice are modestly but significantly increased (Fig.
4B,C; p = 0.03 and p = 0.007, respectively). We further mea-
sured the spine length and generated the cumulative probability
curve. As shown in Figure 4, D and E, the cumulative probability
curve shows a slight shift of spine length in astrocyte-specific cKO
mice, particularly in apical spines. In particular, the percentage of
apical spines with lengths in the range of 0—0.99 um is signifi-
cantly decreased (p < 0.01) in astrocyte-specific cKO mice, while
the number of spines with lengths in the range of 2-2.99 um is
increased (Fig. 4F). The overall distribution of spine length in
basal dendrites of pyramidal neurons in astrocyte-specific cKO
cortex is similar to that in control mice (Fig. 4G), with a modest
decrease in the number of shorter spines (0—-0.99 um) and a
slight increase in longer spines (1.5-1.99 um). To validate the
Golgi-based quantification of dendritic spine density, we also dye
filled patched cortical pyramidal neurons with neurobiotin-488
tracer (Fig. 4Ha). Labeled dendritic spines are illustrated using
the filament-tracing function in Imaris software for quantifica-
tion (Fig. 4HD). As the tracer may not diffuse far enough to fully
label apical dendritic spines using the dye-fill approach, we pri-
marily focused on the quantification of basal dendritic spines
following dye fill. As shown in Figure 4, C and I, quantification of
spine numbers per 10 wm from the Golgi approach is slightly
higher (8.24 = 1.2 in control) than that (7.36 = 0.5 in control)
from the dye-fill approach. However, both quantification ap-
proaches show significant differences (p < 0.007 and p < 0.04,
respectively) in basal dendritic spine density between astrocyte-
specific cKO and control mice, confirming our analysis of den-
dritic spine with the Golgi-staining approach. In addition, we
observed a more pronounced shift in the length of basal dendritic

spines (Fig. 4]) from control to astrocyte-specific cKO mice using
the dye-fill approach than the Golgi-staining approach. It is noted
that the Golgi-staining approach examines only spine morphology
and density at a particular time point, and the spine dynamics re-
sponding to stimuli in astrocyte-specific cKO mice remain to be
determined using in vivo live imaging approaches.

We also examined dendritic spine morphology and density in
astrocyte-specific cCON (CreERT * Emr1'>*™<°"") and control
(CreERT ~ Fmrl'©*P™¢°/¥) mice. Representative apical and basal
spine morphology of cortical pyramidal neurons from these mice
is shown in Figure 5A. Subsequent quantification found signifi-
cantly (p = 0.02 and p = 0.001, respectively) reduced apical and
basal spine density in astrocyte-specific cON mice compared with
the control mice (Fig. 5B,C). In addition, we measured spine
length and generated cumulative probability curves. Both apical
and basal spine length show a significant shift toward shorter
spine length (Fig. 5D, E). In particular, the number of both apical
and basal spines with lengths in the range of 0—0.99 wm is signif-
icantly (p < 0.01 and p < 0.001, respectively) increased, and the
number of apical spines with lengths of 2-2.99 wm is significantly
(p < 0.01) decreased in astrocyte-specific cON mice (Fig. 5F, G).
These results suggest that selective re-expression of FMRP in
astrocytes alone sufficiently and significantly mitigate the imma-
ture dendritic spine phenotype.

Increased protein synthesis has been previously described
across brain regions, including the cortex, of Fmrl KO rodents
(mice and rats; Qin etal., 2005; Till etal., 2015) and also in human
FXS patients (Qin et al., 2013). It is considered a key downstream
synaptic event contributing to various FXS phenotypes (Kelleher
and Bear, 2008). Although the loss of neuronal FMRP abolishes
its translation suppression function and thus increases protein
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Altered protein synthesis in cortex of astrocyte-specific cKO and cON mice. A, Protein synthesis levels measured by metabolic labeling in Fmr1 KO, astrocyte-specific cKO, and control

cortical slices; n = 1011 slices from six mice per group. B, Representative confocal images of the immunostaining of p-s6P in Cre ™~ Fmr7™ and CreERT * Fmr1™ cortical sections. White arrows,
Prominent p-s6P-positive neurons. Scale bar, 50 m. €, Quantification of p-s6P immunoreactivity in Cre ™"~ Fmr7 ¥ and CreERT * Fmr1™ cortical neurons; n = 65—124 neurons from three to four mice per
group. D, Immunoreactivity of p-s6P in cortical neurons from individual Cre 5"~ Fmr7 7 and CreERT * Fmr7 ™ mice. E, Protein synthesis levels measured by metabolic labeling in astrocyte-specific cON and
control mice; n = 10slices from more than five mice per group. F, Representative confocal images of the immunostaining of p-s6Pin Cre 58"~ Fmr7 ' and CreERT * Fmr7 ™" cortical sections. White
arrows, Prominent p-s6P-positive neurons. Scale bar, 50 1.um. G, Quantification of p-s6P immunoreactivity in Cre 5" — Fimr7 1% and CreERT * Fimr1 "¢ cortical neurons; n = 55-58 neurons from two
tothree mice per group. H, Immunoreactivity of p-s6P in cortical neurons from individual Cre 57— Fmr7 '€ and CreERT * Fmr1'P ¢ mice. Alevel of 10 A.U. is defined as the background
p-s6P immunoreactivity. The p values were calculated using the Student’s ¢ test and one-way ANOVA with post hoc Tukey’s test: *p << 0.05; **p < 0.01.

synthesis; whether there are non-neuronal mechanisms that alter
neuronal protein synthesis levels in FXS remains unknown. We
first measured basal protein synthesis levels in the somatosensory
cortex slices of astrocyte-specific cKO and control mice using a
metabolic labeling procedure, as previously described (Osterweil
etal., 2010). The application of transcriptional and translational
inhibitors ActD and CHX in cortical slices reduces overall protein
synthesis by 85% (data not shown), validating the specificity of
this procedure. In addition, protein synthesis levels are generally
constant for up to 6 h after slice preparation (data not shown). By
using this method, we found a 26% increase (p < 0.01, Tukey’s

post hoc test from one-way ANOVA) of basal protein synthesis in
Fmrl KO cortical slices compared with WT cortical slices (Fig.
6A), which is consistent with previous reports (Qin et al., 2005).
In astrocyte-specific cKO mice, basal protein synthesis increased
19% (p < 0.05, Tukey’s post hoc test from one-way ANOVA) over
that in control (CreERT ~ Fmrl ™) mice (Fig. 6A). To specifically
observe protein synthesis levels in cortical neurons in situ, we
performed double immunostaining of p-s6P and NeuN on so-
matosensory cortical (layers 2/3) sections from astrocyte-specific
cKO and control mice (P30-P40). The s6P is a component of the
40S ribosome, which, once phosphorylated at its C-terminal ser-
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Figure 7.  Pharmacological upregulation of functional GLT1 expression attenuates enhanced neuronal excitability in cortex of Fmr7 KO mice. 4, Body weight changes of saline- and Cef-injected

Fmr1KO mice during early postnatal development; n = 14 mice/group. B, A representativeimmunoblot of GLT1 protein levelsin total (T), intracellular (1), and membrane (M) fractions prepared from
saline- or Cef-injected Fmr1 KO cortical tissues. €, Quantification of total and surface GLT1 protein levels in cortex of saline- or Cef-injected Fmr7 KO mice; n = 3 mice/group. D, E, Total (D) and
GLT1-mediated (E) glutamate uptake from saline- or Cef-injected Fmr1 KO cortical tissues; n = 7—-10 mice/group. F, GLT1-mediated functional glutamate uptake from saline- and Cef-injected WT
(Fmr1 ") cortical tissues; n = 8 mice/group. G, A representative trace of neuronal firing recordings in layer 5 somatosensory neocortical neurons in saline- or Cef-injected Fmr7 KO cortical slices
before and during the bath application of GLT1 inhibitor DHK (10 ). H, Quantitative summary of neuronal firing rates in saline- or Cef-injected Fmr1 KO cortical slices with 10 or 50 v DHK; n =
12-28 neurons from 7 to 10 mice per group. The p values were determined using the Student’s ¢ test, one-way ANOVA with post hoc Tukey's test, and two-way ANOVA with post hoc Bonferroni's test.

ine residues, enhances its affinity for the m7pppG cap during
translation initiation (Roux et al., 2007). Thus, its phosphoryla-
tion is highly correlated with the level of mRNA translation (Pe-
terson and Schreiber, 1998). Previous studies have found
increased p-s6P levels in neurons through mTOR or ERK path-
ways in Fmrl KO mice (Sharma et al., 2010). We observed clear
p-s6P immunostaining signals (Fig. 6Bb, white arrows), espe-
cially in cortical neurons of astrocyte-specific cKO mice (Fig.
6BD). Subsequent quantification of p-s6P from layer 2/3 cortical
neurons showed that the p-s6P immunoreactivity increased
more than twofold (p < 0.0001) in cortical neurons of astrocyte-
specific cKO mice compared with that in control mice (Fig. 6C).
A closer examination of p-s6P levels in individual neurons from
each mouse analyzed showed that p-s6P levels in astrocyte-
specific cKO, but not control, cortical neurons are generally
higher than the background p-s6P level [defined as 10 arbitrary
units (A.U.); Fig. 6D], further indicating that cortical neurons

from astrocyte-specific cKO mice undergo more active basal pro-
tein synthesis than that in cortical neurons of control mice.

To test whether selective re-expression of FMRP in astrocytes
alters basal protein synthesis, we next performed a metabolic
labeling assay in cortical slices prepared from astrocyte-specific
cON and control mice. Similar to Fmrl KO mice, the control
(Cre™ Fmr1'*™) mice have significantly increased (26%
compared with WT mice; Fig. 6E) protein synthesis levels, pre-
sumably as a result of the significantly reduced FMRP levels
(~5% of WT) in these mice. The re-expression of FMRP in as-
trocytes, however, effectively and significantly (p < 0.05and p <
0.01, respectively, Tukey’s post hoc test from one-way ANOVA)
reduces basal protein synthesis levels in astrocyte-specific cON
cortical slices when compared with control (Cre ~ Fmrl loxP-neo/y)
or Fmrl KO cortical slices (Fig. 6E), as measured by metabolic
labeling. We further measured the p-s6P immunoreactivity in
cortical neurons and found that indeed p-s6P levels are also sig-
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Pharmacological upregulation of functional GLT1 expression corrects spine abnormalities in cortex of Fmr7 KO mice. A, Representative apical and basal dendrites from cortical layer 2/3

of saline- or Cef-injected Fmr1 KO cortical slices illustrated by Golgi staining. Scale bar, 2.5 wm. B, C, Spine density of apical (B) and basal (€) dendrites from saline- or Cef-injected Fmr7 KO cortical
neurons; n = 13 dendrites from four mice per group. D, E, Cumulative probability curve of apical (D) and basal (E) spine length from saline- or Cef-injected Fmr1 KO cortical neurons; n = 79-140
spines from four mice per group. Both the trend line and individual sample points are shown on cumulative probability curve. F, G, Length distribution of apical (F) and basal (G) spines of cortical
pyramidal neurons in saline- and Cef-injected Fmr7 KO mice; n = 79—140 spines from four mice per group. The p values were determined using the Student’s t test, two-way ANOVA, and post hoc

Bonferroni’s test.

nificantly (p < 0.0001) decreased in cortical neurons of
astrocyte-specific cON mice when compared with those in con-
trol (Cre ™ Fmr1'©F1¢) mice (Fig. 6 F,G), which is consistent
with the metabolic labeling results from these mice. Interestingly,
p-s6P levels in individual cortical neurons analyzed from both
control (Cre ™ Fmrl'F™°V) and astrocyte-specific cON mice
are similarly likely to be above the background p-s6P level (10
A.U,; Fig. 6H), suggesting that the loss of FMRP in other CNS
cells is also important for elevated basal protein translation.

Upregulation of functional GLT1 expression attenuates
neuronal excitability and dendritic spine phenotypes in
cortex of Fmrl KO mice

Our previous studies (Higashimori et al., 2013) and the results
above demonstrate that dysregulated GLT1 expression and im-
paired extracellular glutamate uptake enhance neuronal excit-
ability in Fmr1 KO mouse models. To further test whether GLT1
dysregulation contributes to FXS phenotypes, we examined FXS-
related synaptic phenotypes in Fmrl KO mice following GLT1
upregulation. Cef, a Food and Drug Administration-approved
antibiotic that is permeable to the blood—brain barrier, has been
previously identified to increase GLT1/EAAT2 expression and
glutamate uptake (Rothstein et al., 2005). To demonstrate that
ceftriaxone injections indeed increase the surface expression of
GLT1 protein and functional glutamate uptake in Frnrl KO mice,
we performed a biotinylation assay on cortical slices from saline-
or ceftriaxone-injected (from P7 to P28) Fmrl KO mice. The
3-week-long ceftriaxone injections (200 mg/kg, i.p., daily) were
well tolerated without inducing observable adverse effects in
mice. We first observed a significantly decreased growth rate of

body weight in ceftriaxone-injected Fmrl KO mice compared
with saline-injected Fmrl mice from P25 to P40 (Fig. 7A), sug-
gesting a suppression of accelerated prepubescent growth that is
often observed in children with FXS and in Fmrl KO mice
(Loesch et al., 1995). Interestingly, although ceftriaxone injec-
tions slightly increase total GLT1 levels (15%), the surface expres-
sion levels of GLT1 protein are increased 220% (p = 0.02)
compared with that in saline injections (Fig. 7B, C). Ceftriaxone
injections also significantly increase total and GLT1-mediated
glutamate uptake to a level comparable with that in WT mice
(6000 and 4000 fmol/ug/min, respectively; Fig. 7D, E). In con-
trast, ceftriaxone injections induce only a modest and insignifi-
cant increase (p = 0.1) in GLT1-mediated glutamate uptake in
WT mice (Fig. 7F). We have previously found that Fmrl KO
cortical neurons are more sensitive to alow dose (10 um) of DHK
application with significantly increased firing rates (Higashimori
et al., 2013). To functionally test whether ceftriaxone injections
mitigate enhanced neuronal excitability, we examined neuronal
excitability in Fmrl KO cortical slices following sham or ceftriax-
one injections. As shown in Figure 7G,H, although the neuronal
firing rate increased twofold in response to 10 uM DHK applica-
tion in sham-injected Fmrl KO mice, the neuronal firing rate in
response to 10 uM DHK application is significantly lower (p <
0.001) and is only slightly greater than that of the control (no
DHK treatment) in ceftriaxone-injected Fmrl KO mice.

We next examined the dendritic spine length and density in
ceftriaxone-injected Fmrl KO mice. Representative secondary
apical and basal dendritic spine images illustrated by Golgi stain-
ing are shown in Figure 8A. Quantification of dendritic spine
numbers from layers 2/3 reveals that ceftriaxone injections are
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able to significantly (p = 0.008 and p = 0.005, respectively) re-
duce both apical and basal spine density (Fig. 8 B,C). In addition,
the overall distribution of spine length in ceftriaxone-injected
FmrI KO mice, indicated by cumulative probability curves (Fig.
8D, E), is significantly shifted toward shorter spines, especially for
basal dendritic spines. The breakdown of spine length further
suggests that the percentage of both apical and basal spines within
the range of 0-0.99 um is particularly increased (p < 0.0001),
and the number of longer spines, especially within the 1.5-1.99
and 2-2.99 um ranges, is decreased in ceftriaxone-injected Fmrl
KO mice (Fig. 8 F,G). Together, these results demonstrate that
the restoration of glutamate uptake and the rebalance of the ex-
tracellular glutamate environment sufficiently mitigate synaptic
phenotypes in Fmrl KO mice.

Discussion

In the current study, we generated astrocyte-specific KO (cKO)
and restoration (cON) mice to study astrocyte dysfunctions in
response to the selective loss of astroglial FMRP and in vivo mod-
ulation of FXS synaptic phenotypes by astroglial FMRP. Our ex-
amination of astrocyte glutamate uptake function and several
EXS phenotypes in the cortex of these mice provides compelling
evidence that the selective loss of astroglial FMRP contributes to
cortical synaptic deficits (i.e., enhanced neuronal excitability, ab-
normalities in spine density/morphology, and increased basal
protein synthesis levels in FXS), likely through the dysregulated
astroglial glutamate transporter GLT1 and impaired glutamate
uptake. We also showed that selective re-expression of FMRP in
astrocytes is sufficient only to rescue the dysregulated func-
tional expression of GLT1 and mitigate FXS-related synaptic
phenotypes. These results demonstrate previously undescribed
astrocyte-mediated mechanisms in the pathogenesis of FXS in
the cortex. In addition, these results expand our understanding of
FMRP functions in the CNS, especially its uniquely positive roles
in regulating GLT1 expression in cortical astrocytes.

Whether and how the loss of astroglial FMRP in vivo contrib-
utes to FXS pathogenesis remain essentially unknown. Astrocytes
are known to express unique transporters and channels for ac-
tively regulating the homeostatic environment in the CNS. In
particular, glutamate transporter subtype GLT1 (human excit-
atory amino acid transporter 2) is strongly induced in astrocytes
during early postnatal development, becoming the physiologi-
cally dominant glutamate transporter in the forebrain (Furuta et
al., 1997). GLT1 is typically concentrated on the plasma mem-
branes of perisynaptic astroglial processes where they tightly con-
trol extracellular glutamate levels from excitatory synapses
(Huang and Bergles, 2004). We found that GLT1 expression (and
functional glutamate uptake) is significantly reduced in the cor-
tex of Fmrl KO mice (Higashimori et al., 2013) and astrocyte-
specific cKO mice, and at least in some human postmortem FXS
cortical tissues. In addition, the loss of presynaptic FMRP abol-
ishes its binding with the BK channel 84 subunit, leading to ex-
cessive AP broadening during repetitive activity, enhanced
presynaptic calcium influx, and elevated neurotransmitter re-
lease in Fmrl KO mice (Deng et al., 2013). These observations
indicate an elevated (but not excitotoxic) extracellular glutamate
environment in Fmrl KO mice, which may potentiate neuronal
synaptic activation and downstream signaling events, such as
protein synthesis. In fact, elevated metabotropic glutamate recep-
tor 5 (mGluR5)-dependent basal protein synthesis has been
observed in Fmrl KO mice (Osterweil et al., 2010) and the inhi-
bition of mGluR5 in Fmrl KO mice can effectively attenuate
typical FXS phenotypes (Dolen et al., 2007; Michalon et al.,
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2012). Although it is possible that mGluR5 becomes hypersensi-
tive (Osterweil et al., 2010), our current study suggests that alter-
ation of the extracellular glutamate environment may also
contribute to the mGluR5 activation in FXS. As altered spine
morphology and protein synthesis are typically downstream
events of abnormal glutamate receptor activation, the full resto-
ration of extracellular glutamate uptake resulting from the selec-
tive re-expression of FMRP in astrocytes, is likely to have
significant rescue effects. Indeed, we observed pronounced miti-
gation effects on several FXS phenotypes examined in our FXS
models. Therefore, a dysregulated GLT1 expression and impaired
extracellular glutamate uptake, as a result of the selective loss of
astroglial FMRP, represents a new upstream pathway in FXS
pathogenesis.

Astrocytes are known to undergo an important postnatal
maturation phase in which a uniquely ramified morphology is
acquired (Freeman, 2010; Morel et al., 2014), and important
functional genes are induced within 3 weeks postnatally (in
mice). In addition, developing astrocytes actively regulate syn-
aptogenesis and the formation of functional synapses (Clarke
and Barres, 2013). Although immature dendrite morphology
and altered synaptic functions have been implicated in FXS
(and other neurodevelopmental disorders), whether the de-
velopmental induction of these functional genes and develop-
ing astrocyte-dependent synaptogenic pathways is altered
remains to be examined. Our current study, by examining the
astrocyte GLT1 expression and FXS phenotypes in astrocyte-
specific Fmrl cKO and cON mice, provides in vivo evidence
that astrocyte development is impaired in response to the lack
of (astroglial) FMRP in FXS models, and this impairment con-
tributes to FXS pathogenesis. Whether the selective loss of
neuronal FMRP alters astrocyte development and functions in
vivo remains unknown, largely due to the lack of mice in which
Fmrl is selectively deleted in neurons. Previously, mice with
selective deletion of Fmrl in Purkinje neurons and adult neu-
ral stem cells have been generated (Koekkoek et al., 2005; Guo
et al., 2011); however, whether astrocytes become dysfunc-
tional in these mice was not examined. Given the diverse and
active modulatory functions that astrocytes perform in the
CNS, alterations of astrocyte functions may provide new
avenues for alternative therapeutic interventions. It is also
interesting to further test whether the restoration of FMRP in
astrocytes after postnatal development would alter FXS
phenotypes.
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